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EDITORIAL REVIEW
Acidification in mammalian cortical distal tubule
For the purposes of this review the cortical distal tubule
includes the nephron segment from the macula densa to the
junction of the nephron with other nephrons to form the cortical
collecting duct. This segment of the mammalian nephron has
been less well studied than adjacent tubule segments where a
large number of investigations have characterized the cellular
mechanisms of H-ion transport. The mechanisms of H ion and
HCO reabsorption in the cells of the proximal tubule, the thick
ascending limb and the cortical and medullary collecting ducts
can be evaluated in vitro by microperfusion, electrophysiolog-
ical and cell pH measurements by fluorometric methods. But,
owing to the fact that distal tubules are much more diflicult to
dissect and to perfuse in vitro, exploration of acid-base trans-
port in the distal tubule has been largely confined to in vivo
micropuncture and microperfusion. In addition, the distal tu-
bule is a heterogeneous nephron segment, lined by at least five
distinct cell types, which complicates single cell analysis and
the inter pretation of results.
The available information indicates that the distal tubule
plays an important role in hydrogen ion secretion and bicarbon-
ate reabsorption, reabsorbing as much as 5 to 8% of the filtered
bicarbonate, an amount much larger than that reabsorbed in the
cortical and medullary collecting duct. The rate of transport in
the distal tubule is normally well below its maximal capacity
and subject to regulation by a variety of physiologic and
pathophysiologic stimuli. Recent progress in our understanding
of the mechanism of hydrogen ion secretion in other parts of the
nephron and application of such knowledge in the analysis of
distal tubule acidification has led to a better understanding of
the events underlying distal tubule acid-base transport.
In the following, we shall first address the issue of morpho-
logical and functional heterogeneity of the distal tubule. This
will be followed by an analysis of the acid-base transport
properties and their modulation by luminal, systemic and hor-
monal factors. Finally, we shall assign specific transport mech-
anisms of H and HCO to different distal tubule cells and their
membranes. This will allow a better understanding of the events
that control acid-base transport in this physiologically impor-
tant nephron segment.
Morphological and functional heterogeneity of the distal tubule
Figure 1 is a schematic representation of the segments of the
distal tubule.
Functional evaluation of H/bicarbonate transport by mi-
cropuncture and microperfusion studies involves most fre-
quently contributions of more than one tubule segment. Refer-
ence to the entire cortical distal tubule includes the distal
convoluted tubule (DCT), connecting tubule (CNT) and initial
collecting tubule (ICT). Only a few studies have been con-
ducted cm the "early" and the "late" distal tubule segments.
According to Kriz and Bankir [1], the early and late distal
tubule, as defined by the application of micropuncture tech-
niques, include the following segments: the early distal tubule,
which is made up of two parts, the postmacular segment of the
thick ascending limb (DCTa) (not accessible to micropuncture)
and the distal convoluted tubule (DCTb); and the late distal
tubule which consists of the connecting and initial collecting
tubules. Figure 1 also indicates the distribution of the interca-
lated cells along the cortical distal tubule. They appear first in
the connecting tubule and reach increasing density in the initial
and cortical collecting tubules [2].
Several cell types can be distinguished and are specifically
located in early and late distal tubule segments [2]. Only one
cell type, distal convoluted tubule cells, is found in the distal
convoluted tubule. Two cell types, connecting tubule and
intercalated cells, appear in the connecting segment, whereas
principal cells and several subpopulations of intercalated cells
have been identified in the initial collecting tubule. This pattern
of segmentation of distal tubules varies among species. For
instance, distal tubules of the rat are characterized by fairly
extensive intermingling of different cells, whereas distinct sep-
aration between the distal subsegments has been observed in
the rabbit distal tubule [2]. An extensive literature describes the
morphology of individual cells in the distal tubule [3—7]. Morel,
Chabardes and Imbert provided further evidence for cell heter-
ogeneity by demonstrating cell-specific interaction of several
hormones with adenylcyclase [8]. Finally, differential distribu-
tion of enzymes along the distal tubule also attests to the
heterogeneity of this nephron segment [9, 10].
Of special relevance to the present discussion of acid-base
properties of the distal tubule is the uneven distribution of
carbonic anhydrase. Figure 2 shows that the cells of the distal
convoluted tubule have low concentrations of carbonic anhy-
drase in their cytoplasm, and their apical surface lacks the
enzyme. On the other hand, the basolateral membrane of these
cells contains significant amounts [3, 11]. In contrast, interca-
lated cells of the connecting segments and of the initial collect-
ing tubule are rich in carbonic anhydrase, which is also present
in high concentrations in the apical membrane.
Acid-base transport properties and their modulation pH in the
tubule lumen
Received for publication March 18, 1993
and in revised form July 22, 1993
Accepted for publication July 26, 1993
© 1994 by the International Society of Nephrology
It was the distal tubule of amphibians in which significant
acidification was first observed [12]. Subsequent studies in
mammalian kidneys confirmed these observations and demon-
strated that the pH of distal tubule fluid was significantly lower
than that of plasma [13, 14], but does not fall below that in the
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Fig. 1. Schematic representation of the main
segments of cortical distal tubule.
Abbreviations are: G, glomerulus; DCTa,
postmacular segment of thick ascending limb;
DCTb, distal convoluted tubule; CT,
connecting tubule; lCD, initial collecting duct;
CCD, cortical collecting duct. The small
circles along the tubule represent intercalated
cells, in a way approximately proportional to
their density. The cell distribution shown is
that found in the rabbit cortical distal tubule.
In rat, mouse and the human nephron,
intercalated cells may be present in the distal
convoluted tubule [21.
Fig. 2. Histochemical localization of carbonic anhydrase by the cobalt sulfide technique in renal cortex (black staining), A. Early distal tubule
with mostly basolateral staining. B. Initial collecting duct (late distal tubule) showing deeply stained intercalated cells. From [31, used with
permission.
late proximal tubule, reaching a maximum difference of about
one pH unit between plasma and tubule fluid.
Stationary microperfusion in cortical distal tubules with both
bicarbonate and phosphate Ringer's solutions [15, 16] has
shown that pH levels are significantly higher (mean 6.95) in
early distal tubule than in late segments (mean 6.60). Studies of
the transepithelial pH difference between lumen and adjacent
peritubular capillaries have confirmed the ability of the mam-
malian distal tubule epithelium to sustain significant transepi-
thelial pH gradients [17].
The presence of an acid disequilibrium pH, defined as a
significant difference between luminal in situ pH, and the pH
measured in the collected tubule fluid in vitro at equilibrium and
dissipation of the difference by carbonic anhydrase, has gener-
ally been taken as evidence for active H-ion secretion [14, 17].
Most of the available evidence indicates that an acid disequi-
librium pH is present in the distal tubule [14, 17, 18]. In one
study, an acid disequilibrium pH was observed only in acidotic
conditions [19]. These observations along with the demon-
strated presence of carbonic anhydrase support the conclusion
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that the distal tubule epithelium secretes H ions by a mecha-
nism involving carbonic anhydrase activity and that hydrogen
ion secretion mediates bicarbonate reabsorption.
General properties of distal bicarbonate transport
The observation that the luminal bicarbonate concentration
remains almost constant while inulin concentration increases at
least threefold along the distal tubule implies substantial reab-
sorption of bicarbonate [20, 21]. Estimates of net bicarbonate
reabsorption, based either on pH measurements (quinhydrone,
antimony and glass electrodes) [13, 17, 20] or on total CO2
analysis by the picapnotherm method, coupled with inulin
determinations [21], have yielded a reabsorption rate of 5 to 8%
of filtered bicarbonate. Net bicarbonate reabsorption has also
been observed in free-flow micropuncture studies in which the
luminal bicarbonate load was significantly increased. Thus,
bicarbonate reabsorption along the distal tubule is normally
unsaturated. Evidence for its adaptive capacity will be consid-
ered later.
The only study in which modest net secretion of bicarbonate
was observed in free-flow experiments was in animals under-
going hypotonic volume expansion. It is of interest to note that,
in these experiments when ADH was given, net bicarbonate
reabsorption was induced [22]. A similar hormone-induced
reversal of bicarbonate transport was also observed in isolated
perfused rat collecting ducts [23].
The situation is more complicated when bicarbonate trans-
port is studied in distal tubules perfused in vivo. Net bicarbon-
ate reabsorption under these conditions is more labile, may
even be absent and appears to depend critically on experimental
conditions such as protein content of the diet [24], the acid-base
status [25] and luminal flow-rate [26]. Tubules, studied in
animals that were allowed access to food up to the time they
were studied, secreted bicarbonate; fasting reversed net bicar-
bonate transport to reabsorption [27].
In other distal perfusion studies [28], particularly those in
which early and late tubule segments were separately evaluated
[29], significant net reabsorption was found in both tubule
segments in a wide variety of experimental manipulations,
including acute bicarbonate loading and potassium depletion.
There is at present no satisfactory explanation for the dis-
crepancy between significant net reabsorption of bicarbonate
under free-flow conditions and net bicarbonate secretion in
some tubule perfusion studies. It is now known that net
bicarbonate transport is the result of simultaneous reabsorptive
and secretory ion movement, carried out by two distinct
subpopulations of intercalated cells [30, 31]. It is likely that in
some perfusion studies bicarbonate reabsorption is proportion-
ately more reduced than bicarbonate secretion, yielding net
secretion. Possible factors include different circulating levels of
hormones, such as vasopressin [22] and aldosterone [32], both
known to enhance bicarbonate absorption. Their level may vary
in the different experimental conditions of free-flow and perfu-
sion studies. We consider it more likely that some transport
stimulating substance, present either in the filtrate or added to
the tubule fluid in vivo, might be absent in tubules perfused with
artificial fluids. Evidence for the presence of a transport stim-
ulating substance has been obtained in studies of distal tubules
perfused with native proximal tubule fluid [33]. This would
Table 1. Factors affecting cortical distal tubule HCO-H transport
Condition D C T
Segments Entire
C TI! C D zD I [Ref]
HCO loading t 1' t t t f 15, 20, 29
CA infusion
CA inhibition i,
— 21, 18
J 1 20, 34
CA inhibition , , 15, 29
Systemic acid-base
derangements:
Metabolic acidosis t 1' 15, 35, 36
Acute metabolic alkalosis t t 20, 39
Chronic metabolic alkalosis ], 25, 28
Cl-depletion alkalosis t t 30, 40, 41
Cl-depletion alkalosis 42
Rebound metabolic alkalosis t 37
Hormones
ADH ' 22
PTH C 62
Glucagon C 55
Somatostatin C 56
Aldosterone t (Kunau)
Nerve activity C 68
Abbreviations are: CDT, convolute distal tubule; CT, connecting
tubule; lCD, initial collecting duct; ODT, overall distal tubule; P,
perfusion; if, free-flow; CA, carbonic anhydrase.
explain why, under almost all experimental conditions, net
reabsorption of bicarbonate prevails in free-flow conditions.
Factors modulating distal tubule bicarbonate transport: Role of
carbonic anhydrase
Table 1 defines a variety of factory modulating distal tubular
H/HCO3 transport. As pointed out above, cells of the distal
convoluted tubule, the connecting tubule and principal cells of
the initial collecting duct have low cytoplasmic concentrations
of carbonic anhydrase [31, and appear to lack the enzyme in the
apical membrane, although its presence in the basolateral
membrane has been demonstrated. In contrast, intercalated
cells are rich in carbonic anhydrase and cytochemical studies
indicate apical staining [3, 11].
Differences between the early and late distal tubule in the role
of carbonic anhydrase are indicated by several observations.
Bicarbonate reabsorption is decreased by carbonic anhydrase
inhibitors in both stationary and continuous microperfusion
experiments in both early and late distal tubule [15]. On the
other hand, bicarbonate reabsorption is increased by carbonic
anhydrase infusion only in early but not in the late distal tubule
[21]. Similarly, carbonic-anhydrase containing fluid increases
pH in stationary microperfusion mostly in early segments [17].
These findings indicate that one or more steps in bicarbonate
reabsorption depend on carbonic anhydrase activity in all distal
segments. However, the observation that addition of carbonic
anhydrase is effective only in the early distal tubule, where it
dissipates a disequilibrium pH, suggests that this tubule seg-
ment lacks the enzyme in the apical membrane. Axial hetero-
geneity of carbonic anhydrase distribution along amphibian
distal tubules has also been reported (Note added in proof).
Systemic infusion of a carbonic anhydrase inhibitor actually
increases net bicarbonate reabsorption along the distal tubule
[20, 34]. This unexpected observation is best explained as the
effect of the sharply increased distal bicarbonate load, which
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stimulates the unsaturated transport mechanism and apparently
outweighs the inhibitory effect of drugs like acetazolamide.
Two additional factors are likely to contribute to bicarbonate
transport in the presence of carbonic anhydrase inhibition.
First, a significant concentration gradient of bicarbonate from
lumen to peritubular fluid and a lumen-negative potential pro-
vide a favorable electrochemical driving force for carbonic
anhydrase-independent (paracellular) bicarbonate efflux [34].
Second, a modest but significant fraction of bicarbonate trans-
port can also be mediated by stimulation of uncatalyzed cellular
H-ion generation. Both catalyzed and uncatalyzed components
of bicarbonate reabsorption can be shown not to become
saturated until luminal bicarbonate concentrations reach very
high and unphysiological levels [29, 34].
Acid-base derangements
Bicarbonate transport in the cortical distal tubule has been
shown to be modified by several acid-base stimuli. Thus,
induction of metabolic acidosis stimulates net reabsorption and
steepens the transepithelial pH gradients [15, 35, 36]. The distal
tubule continues to reabsorb bicarbonate at an accelerated rate
during rebound metabolic alkalosis, a condition in which met-
abolic alkalosis develops after discontinuing a chronic acid load
despite the significant increase of blood pH [37]. It is not known
whether adaptive stimulation of Na-H exchange by protein
kinase as found in proximal tubule cells [381 may be involved in
a "memory" effect which is responsible for accelerated bicar-
bonate reabsorption at a time when systemic acid- base condi-
tions have been normalized.
The situation in metabolic alkalosis is complicated, and
depends on the manipulations used to induce this acid-base
disturbance. During acute bicarbonate loading with the associ-
ated increase in distal tubule bicarbonate load, bicarbonate
absorption along the distal tubule rises sharply [20, 39]. When
chloride depletion alkalosis is induced by administration of loop
diuretics along with a low chloride diet and bicarbonate in
i 247± 17HO pmol /mn
drinking water, distal bicarbonate reabsorption has also been
found to increase significantly [30, 40, 41]. However, in mild
chronic metabolic alkalosis produced by bicarbonate feeding
without administration of loop diuretics, and in which chloride
levels are only slightly reduced, bicarbonate reabsorption along
the distal tubule is diminished [25, 28]. Perfusion of distal
tubules with solutions of varying chloride concentration has
revealed an apparently specific role of chloride in determining
net bicarbonate reabsorption. Reducing lumen chloride in-
creases net bicarbonate reabsorption, presumably by reducing
bicarbonate secretion via the apical CI/HCO3 exchanger in
beta-intercalated cells [30]. Bicarbonate secretion was found in
perfused tubules during low chloride metabolic alkalosis but
reduction of the chloride concentration in the perfusion fluid
sharply curtailed bicarbonate secretion and induced net absorp-
tion [42]. Taken together, these findings indicate that the
maintenance of metabolic alkalosis may be, at least in part, the
consequence of the increased net distal bicarbonate reabsorp-
tion that results from diminished chloride-dependent bicarbon-
ate secretion.
Load dependence and the role of luminal chloride
Early free-flow micropuncture studies demonstrated a signif-
icant increase of distal bicarbonate transport with an increase in
delivery produced by acute bicarbonate infusions [20]. Reab-
sorption increased almost threefold in metabolic alkalosis. In a
recent micropuncture study, measurements of total CO2 and
inulin were used to quantify bicarbonate transport and as shown
in the upper section of Figure 3, fully confirmed the marked
effect of increasing delivery to the early distal tubule. Partial
saturation of bicarbonate reabsorption is reflected by the mod-
est drop in fractional (but not absolute) reabsorption from 52 to
37% of the load entering the distal tubule [39]. The strong
dependence of bicarbonate reabsorption on load has also been
481 40
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Fig. 4. Load dependence and the effect of luminal chloride concen-
tration on distal bicarbonate reabsorption. The load was increased by
raising bicarbonate concentration in the luminal perfusate. High chlo-
ride concentrations were 24 to 59 m Cl; low chloride, 2 to 14 mM.
Gluconate was substituted for C1 in the low C1 experiments. Symbols
are: (D)ED high C1; (12)LD high CI;()ED low CI;()LD low
CI. Data are from [29].
observed in stationary perfusion experiments, where reabsorp-
tion was proportional to luminal concentration until levels of
more than 50 m bicarbonate were reached [15].
A marked load-dependence has also emerged from recent
studies in which either the entire distal tubule [28] or early and
late distal segments were separately perfused with increasing
loads of bicarbonate [29]. A tendency to saturation was ob-
served at luminal bicarbonate concentrations between 60 and 75
m and a perfusion rate of 12 nl/min. The rate of bicarbonate
reabsorption was consistently higher in early distal segments,
particularly in the lower range of bicarbonate concentration.
Figure 4 summarizes the results of these perfusion experi-
ments as well as the effect of changes in luminal chloride on
bicarbonate transport. Of particular interest is the observation
that bicarbonate reabsorption increases along the late but not
the early distal tubule at low lumen chloride concentrations.
This observation is consistent with the presence of a chloride-
dependent component of bicarbonate secretion in the late distal
segment [29]. Evidence for this process has also been deduced
from perfusion studies of the entire distal tubule by Levine and
his associates [42—44].
Figure 4 also indicates that the inhibitory effect of lumen
chloride on net bicarbonate reabsorption tends to decrease at
higher lumen bicarbonate concentrations. This is to be expected
from the increase of passive driving forces ([HCOfliumen >
[HCOflpiasma) for bicarbonate absorption at high lumen bicar-
bonate concentrations. An important problem is the level of
luminal chloride at which the putative chloride-bicarbonate
exchange mediating bicarbonate secretion becomes saturated.
In rabbit cortical collecting duct, perfusions at varying luminal
chloride suggested saturation of bicarbonate secretion with
luminal chloride with a Km of 4 to 11 m lumen chloride [45].
Studies in the same segment based on cell pH yielded a similar
relationship, with a chloride Km of 19 mat [46]. These findings
suggest that chloride modulation of bicarbonate secretion oc-
Fig. 5. Effect of changes in potassium metabolism and Schering com-
pound 28080 on bicarbonate transport in the early and late distal
tubule. Symbols are: (EJ ) Control; (111111) SCH; () Low K; ()
Low K + SCH. Note that bicarbonate transport is enhanced by low
potassium in both tubule segments, but SCH28080 induces significant
inhibition only in late distal tubule [29].
curs within the range of luminal chloride concentrations found
in the distal nephron.
Relationship between distal bicarbonate transport and
potassium balance
A large body of evidence supports the view that proximal
bicarbonate reabsorption is significantly increased in states of
potassium deprivation [47, 48]. The results of free-flow mi-
cropuncture studies in which bicarbonate reabsorption along
the entire distal tubule was measured in control and low-K rats
are summarized in Figure 4 [39]. It is apparent that the early
distal delivery of bicarbonate is lower in potassium-depleted
rats, owing to the decline of GFR and increased proximal
bicarbonate reabsorption which is frequently observed. Al-
though absolute distal bicarbonate reabsorption remained un-
changed compared to control conditions, fractional reabsorp-
tion was significantly enhanced, increasing from 52 to 80%.
When, by infusion of bicarbonate, the distal bicarbonate load
was brought to the level seen in control animals, a marked
increase in absolute bicarbonate transport was observed.
Distal microperfusion studies in K-depleted rats have yielded
similar results. The results of perfusion of early and late
segments are summarized in Figure 5, and demonstrate signif-
icantly enhanced bicarbonate reabsorption in both tubule seg-
ments in K-depleted animals. It is also apparent that SCH28080,
a potent inhibitor of K/H ATPase, has no effect on bicarbonate
transport in control conditions and abolishes the transport
stimulation only in late distal tubules of low-K rats [291. Recent
studies in which stationary microperfusion was applied to early
and late distal tubule segments also show that inhibition of K/H
ATPase blocks bicarbonate reabsorption only in late segments
[49].
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Fig. 6. Effect of various inhibitors on bicarbonate transport in early
and late distal tubule segments. Symbols are: (EJ) Control; (lfl11)
Amioride (IO- M); () EIPA (lO- M); () BAF (lO— M).
Abbreviations are: EIPA, ethylisopropylamiloride (1O— M); BAF,
bafilomycin (lO- M); and amiloride (lOs M) were added in the luminal
perfusate. Inhibitor-induced changes are significant in the early distal
tubule, but only bafilomycin induced significant inhibition in the late
distal segment [291.
Dependence of bicarbonate transport on transepithelial
electrical potential
The effects of amiloride upon acid excretion suggest that
acidification is affected by transepithelial potential changes in
an amiloride-sensitive nephron segment [50]. Direct studies on
isolated cortical collecting tubules show that amiloride, a potent
sodium-channel blocker, inhibits bicarbonate reabsorption [51].
These findings reflect the fact that the lumen-negative potential
difference, normally present in the cortical collecting tubule, is
a driving force for electrogenic H-ion transport. Suppression of
this driving force by sodium channel blockers would thus be
expected to reduce H-ion secretion and bicarbonate reabsorp-
tion. It is, therefore, surprising that amiloride analogs such as
benzamil, a more specific sodium channel blocker than
amiloride, change the transepithelial electrical potential but
fails to modulate distal tubule bicarbonate transport [52]. Figure
6 shows that amiloride does not reduce late distal bicarbonate
transport. At present, this functional difference in the behavior
of the cortical collecting tubule and the initial collecting duct
remains unresolved. In situations in which the transtubular
potential is altered by substitution of chloride by poorly reab-
sorbable anions, it has been suggested that reduced bicarbonate
secretion via the apical chloride-dependent exchange pathway
contributes to the observed fall in bicarbonate absorption [53].
The effect of hormones
Several hormones have been shown to modulate distal bicar-
bonate transport. Among these, aldosterone restored to normal
the reduced rate of bicarbonate reabsorption along the entire
distal tubule of adrenalectomized rats (Kunau, personal com-
munication). In animals undergoing water diuresis, vasopressin
converted bicarbonate secretion to reabsorption [22]and signif-
icant stimulation of net bicarbonate transport by vasopressin in
perfused cortical collecting tubules has been reported [23]. It is
of interest that Harris et al. observed a significant H-ion
permeability of membranes of toad bladder granular cells into
which water channels had been inserted by the action of
vasopressin [54]. The possible role of such passive H-ion fluxes
in the control of H/bicarbonate transport is unknown.
In vivo microperfusion studies have shown that glucagon, by
inhibiting H secretion, converted distal bicarbonate reabsorp-
tion into secretion [55]. The effects of somatostatin, which
significantly reduces circulating glucagon levels are also consis-
tent with this action in that somatostatin increases bicarbonate
reabsorption [56].
The mechanism of these peptide hormone effects, although
not fully understood, may involve cyclic AMP as a messenger
system since cAMP stimulates bicarbonate secretion in several
preparations, including turtle bladder [57—59] and rabbit cortical
collecting tubule [60]. cAMP is believed to stimulate beta-
intercalated cells known to be involved in bicarbonate secre-
tion. It is also of interest that calcitonin stimulates CIJHCO3
exchange in primary cultures of rabbit early distal tubule, an
effect mimicked by forskolin and permeant cyclic AMP deriv-
atives [61]. However, cAMP does not affect H-ion secretion in
cortical collecting duct [601.
Parathyroid hormone stimulates reabsorptive bicarbonate
transport along the loop of Henle and the remaining part of the
distal nephron [621 and increases adenyl cyclase activity in the
distal convoluted tubule [8]. The mechanism by which PTH
stimulates hydrogen ion secretion in the collecting duct system
has been shown to involve hormone-induced enhancement of
phosphate excretion [63]. It is possible that such changes in
phosphate delivery to the distal convoluted tubule, the connect-
ing and initial collecting tubule also contribute to PTH-induced
stimulation of H-ion secretion.
Effect of renal nerve activity
Studies on single nephrons demonstrate that renal denerva-
tion produces a marked decrease of sodium, bicarbonate and
fluid reabsorption in the proximal tubule and the loop of Henle
[64—67]. However, a significant fraction of the increased fluid
and sodium load that reaches the distal tubule is reabsorbed
there and blunts the magnitude of the denervation-induced
diuresis. Recent studies using microperfusion of single cortical
distal tubules of the rat demonstrated that sympathetic dener-
vation markedly reduces distal bicarbonate reabsorption and
depresses fluid reabsorption [68]. Distal tubule participation in
neural control of fluid and bicarbonate reabsorption is indirectly
supported by the observation of Morel and associates [69], who
found beta-receptor activated adenyl cyclase activity in distal
tubules microdissected from rabbit kidneys. Isoprenaline, a
beta-adrenergic agonist, activates distal fluid reabsorption, an
observation consistent with the induction of increased transport
activity by adrenergic activation [70].
Mechanisms of H/HCO transport in the distal tubule
Electrophysiological and cell pH measurements carried out
on individual cells of the cortical and medullary collecting duct
have provided information about the individual acid-base trans-
porters in these nephron segments. The available evidence is
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Interstitium cells because principal cells do not participate in net transport
of either H or HCO ions [71, 72]. Figure 7 illustrates the
distribution of acid-base transporters in the apical and basolat-
era! membranes of the tubule cells.
Distal convoluted tubule cells
Fig. 7. Schematic representation of the most important transport
mechanisms related to tubule acid/ication in cells of the distal convo-
luted tubule (DCT) and in the intercalated cells of the initial collecting
tubule (ICT).
consistent with differential distribution of H/HCO3 transporters
in principal and intercalated cells. Measurements of cell pH
have also provided insight into the acidification mechanisms in
cells of the thick ascending limb of the rat and the diluting
segment of amphibians. However, studies on individual H and
HCO3 transporters have not yet been carried out in the initial
collecting duct and analysis of acid-base transport in distal
convoluted tubule cells is incomplete. Despite these limitations,
it is reasonable to extrapolate from the data of the cortical and
medullary collecting ducts to the distal tubule because these
two segments share similar cell types.
In the following we shall propose the possible contribution of
several transport mechanisms in the acidification process in the
individual cells that line the cortical distal tubule. Our discus-
sion will focus on distal convoluted tubule cells and intercalated
Both Na/H exchange and electrogenic H-ion secretion (H-
ATPase) are present in the apical membrane of distal convo-
luted tubule cells. Perfusion studies with inhibitors) indicate
that; EIPA (ethyl-isopropyl amiloride), a specific inhibitor of
Na/H exchange, as well as amiloride, a less specific inhibitor,
and bafilomycin, a potent blocker of vacuolar H-ATPase,
inhibit significant fractions of bicarbonate absorption in the
early distal tubule (Fig. 6) [291. Stationary microperfusion
experiments have yielded similar results; another specific Na/H
exchange inhibitor (hexa-methylene amiloride) also produced
significant inhibition of bicarbonate transport [52]. These re-
suits indicate that both Na/H exchange and electrogenic H-ion
secretion (H-ATPase) are present in the apical membrane of
distal convoluted tubule cells (Fig. 7).
Recent microperfusion studies of early segments of the distal
tubule indicate that Na/H exchange may also be involved in the
reabsorption of a significant amount of chloride from the tubule
lumen [73]. This conclusion is based on experiments in which
the activity of two exchange mechanisms, Na/H and Cl-organic
anion (formate and oxalate) was demonstrated in early but not
late distal tubule segments [73]. Accordingly, Na/H exchange
may not only mediate acidification of tubule fluid, but also
contribute to electroneutral NaC1 reabsorption.
Evidence for the presence of H-ATPase in distal convoluted
tubule cells has also been obtained by biochemical techniques
[74] and by immunocytochemistry [751. The activity of this
enzyme was not affected by metabolic acidosis or low K diet
[74, 76]. However, the methods used measure total cell H-
ATPase and not only that inserted into the apical membrane,
which is involved in transepithelial transport of H.
The acid-base transporters found in the distal convoluted
tubule are also present in cells of the thick ascending limb of
Henle's loop. Acidification mechanisms that depend on both
Na/H exchange and H-ATPase activity have been found in
perfusion studies of the loop of Henle and in the TAL in vitro
[77, 78]. It should be noted though that intermingling of alpha-
intercalated cells with the majority cell type in the distal
convoluted tubule could also contribute to the portion of HCO3
transport that is thought to be mediated by electrogenic H-ion
transport [29].
Experiments with TAL suspensions have demonstrated that
Na/H exchangers, H-ATPase and K-HCO3 cotransport contrib-
ute to H-ion secretion [79, 80]. The role of K-HCO3 cotransport
in H transfer in the cortical distal tubule needs to be explored.
A large body of evidence indicates that Na/H exchange is also
present in the diluting segment of the amphibian kidney [81, 821.
The distribution of acid-base transporters in the basolateral
membrane of distal convoluted tubule cells is presently not
known.
Intercalated cells
In cortical collecting tubules, there are at least two subpop-
ulations of cells with strikingly different acid-base transporter
Lumen CeO
OCT
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cells
ICTHCO;
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activity. Figure 7 illustrates the presence of two major acid
secreting mechanisms in alpha intercalated cells, whereas bi-
carbonate secretion is located in beta-intercalated cells. Inter-
mediate (also called hybrid) cell types have also been described
[83, 84]. A large amount of work has recently been performed to
study the morphological, biochemical and functional properties
of the different forms of intercalated cells and a recent review
gives a comprehensive update on this subject [85]. It is likely
that the intercalated cells of the initial collecting tubule and
those of the connecting segment serve similar functions. The
presence of both H-ATPase and H/K-ATPase in alpha-interca-
lated cells of cortical distal tubule cells is supported by several
lines of evidence, including microperfusion studies with inhib-
itors, biochemical identification of carrier molecules and immu-
nocytochemical localization [29, 75, 86—89].
At least in the rabbit, the proportion of beta intercalated cells
in cortical collecting duct decreases from outer to inner cortex
while that of alpha cells increases [90, 91]. Thus, it could be
expected that beta intercalated cells are prevalent in the initial
collecting duct, at least in the rabbit. These animals normally
have a rather alkaline urine, and these data can probably not be
extrapolated to species that, like the rat, excrete acid urine.
Figure 6 summarizes the results of our microperfusion studies
in cortical distal tubules. It is apparent that bafilomycin inhibits
bicarbonate reabsorption in the distal tubule, suggesting that
vesicular H-ATPase is important in the H-ion secretion at this
site. Stationary microperfusion studies support this conclusion
[49]. There is also biochemical evidence for the presence of
H-ATPase in the mammalian cortical collecting duct [74, 92],
and immunocytochemical localization to the apical membrane
of alpha intercalated cells is firmly established [75, 93]. It is
widely recognized that H-ATPase is recycled between cell
membrane and endosomes [94], and an important role of the
cytoskeleton in this process has recently been uncovered [95,
96]. Increased staining of the apical membrane with antibodies
against a subunit of the H-ATPase has been shown to occur in
metabolic acidosis [83].
Immunocytochemical studies on the beta intercalated cells of
the collecting duct have demonstrated a reversed localization of
the vesicular H-ATPase in these cells. Thus, in beta-interca-
lated cells, H-ATPase is localized in the basolateral membrane,
and the CI/HCO3 exchanger in the apical membrane [93]. It has
also been demonstrated that the polarity of these cells depends on
the integrity of the cytoskeleton; after its disruption by colchicine,
H-ATPase is diffusely dispersed in the whole cytoplasm, polar
localization of this transporter being abolished [96].
Electrophysiological studies reveal the presence of a signifi-
cant basolateral chloride conductance and a chloride/bicarbon-
ate exchanger [97]. The process of acid secretion is also
dependent on carbonic anhydrase, and the properties of the
basolateral CLIHCO3 exchanger are similar to those found in
red blood cells (band 3 protein) and in the acid secreting cell of
the turtle bladder [84]. Intracellular pH measurements of indi-
vidual intercalated cells of the cortical collecting tubule by
fluorometric techniques indicate that pH in acid secreting cells
of the outer medullary collecting duct (OMCD) (its cells are
similar to alpha intercalated cells) is also modulated by baso-
lateral NaJH and C1IHCO3 exchange [98]. Whereas the anion
exchanger is an integral part of the mechanism of transepithelial
net H-ion secretion, Na/H exchange is probably related to
intracellular pH homeostasis.
It is likely but not yet proven that similar basolateral acid-
base transporters are also present in the basolateral membranes
of alpha intercalated cells in the cortical distal tubule.
Several lines of evidence support the view that there is an
ATP-dependent K/H exchange process in the apical membrane
as shown in Figure 7. The results obtained by microperfusion
technique summarized in Figure 5 are in accord with this
conclusion. Schering 28080, a specific blocker of the gastric-
type of H/K ATPase, inhibits a significant fraction of bicarbon-
ate reabsorption [89, 99, 100], but only in the late distal tubule
(initial collecting duct) and only in potassium depleted rats [29,
49, 86]. H-K-ATPase has been recently localized in intercalated
cells of cortical collecting tubule [101] and it is likely to be also
present in the initial collecting tubule. This observation is
consistent with biochemical studies in which potassium deple-
tion induced a marked increase in the concentration of H/K
ATPase in initial and cortical collecting tubule [95, 102, 103].
Since the early observations of McKinney and Burg [104]
established the ability of cortical collecting tubules to secrete
bicarbonate, it has become accepted that net transport of
bicarbonate in this segment depends on the simultaneous activ-
ity of opposing unidirectional bicarbonate fluxes. The lower
section of Figure 7 represents a beta-intercalated cell in which
an apical Cl/HC0 exchanger and a basolateral electrogenic
H-ATPase are key elements. A basolateral chloride channel
also plays an important role in the secretion of bicarbonate
because it permits chloride exit across the basolateral mem-
brane. Interestingly, the properties of the apical CIIHCO3
exchanger differ from that of the basolateral membrane.
Whereas the basolateral anion exchanger has a very low Km
and is sensitive to the inhibitory action of stilbenes, the apical
transporter is stilbene-insensitive, and, as pointed out before,
has a higher Km [45, 46]. It also does not share the immuno-
chemical properties of the basolateral transport molecule [84].
Secretion of bicarbonate is enhanced by several experimental
manipulations, including induction of metabolic alkalosis [44,
105—107], increased luminal chloride [29, 43, 106] and cyclic
AMP [108]. Activation of bicarbonate secretion in beta-interca-
lated cells may be involved when chloride depletion alkalosis is
corrected by NaCl administration [107]. According to this
hypothesis, enhanced delivery of Cl ions to the distal CIJHCO3
exchanger induces bicarbonate secretion [108, 109]. However,
in a recent microperfusion study of distal tubules at constant
luminal chloride deliveries it could be shown that enhancement
of bicarbonate secretion into the tubule persisted regardless of
the chloride content of the perfusion fluid [110]. The mechanism
by which recovery from chronic metabolic alkalosis stimulates
bicarbonate secretion is not fully understood, but could involve
enhanced chloride secretion followed by accelerated chloride-
bicarbonate exchange.
Consistent with the functional importance of Cl-HCO3 ex-
change are morphological findings that the increased bicar-
bonate secretion in chloride-depletion alkalosis is associated
with withdrawal of H-ATPases from the apical membrane of
intercalated cells of OMCD and the alpha intercalated cells of
cortical collecting ducts, the storage of H-ATPase in apical
vesicles and increased H transport across the basolateral
membrane of beta intercalated cells [111].
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Role of HIHCO permeability in bicarbonate reabsorption
The magnitude of the transepithelial bicarbonate permeability
affects the efficiency of net transport by its effect on the
back-leak process. Measurement of bicarbonate permeability
involves evaluation of the passive transepithelial bicarbonate
flux into the lumen when the driving force, that is, the transep-
ithelial electrochemical gradient, is known. Two sources of
uncertainty are (1) the possibility that bicarbonate ions enter the
lumen by secretion as well as passive diffusion, and (2) titration
of lumen bicarbonate by secretion or diffusion of H ions into
the lumen. These uncertainties can be avoided by removing C1
from the lumen to obviate apical anion exchange and by
blocking H-ion secretion with carbonic anhydrase inhibitors
[28, 106]. Although cell heterogeneity makes it difficult to assign
measured bicarbonate permeabilities to specific cell types,
measurements of bicarbonate permeability in cortical distal
tubules have been useful.
The influx of bicarbonate from blood to lumen can be
assessed at low physiological luminal bicarbonate concentra-
tions and effiux measured when lumen bicarbonate concentra-
tions are high, as in metabolic alkalosis. At physiological low
bicarbonate concentrations in the lumen, influx from the capil-
laries is relatively low. Accordingly, most of net reabsorption of
bicarbonate is mediated by active H-ion secretion. At high
lumen bicarbonate the situation is different; the bicarbonate
concentration gradient is reversed and a sizable fraction of net
bicarbonate reabsorption is passive [28]. Chronic metabolic
alkalosis induced by selective chloride depletion enhances both
H-ion secretion and bicarbonate permeability, and thus passive
bicarbonate back-flux [106]. The mechanism by which bicar-
bonate permeability is altered during changes in chloride me-
tabolism is presently not known.
Amphotericin B, a polyene antibiotic with a ring-like struc-
ture, has been shown to form ion channels and to increase the
cation selectivity of renal cell membranes [112]. Perfusion of
single distal tubules with amphotericin increases the rate of
alkalinization of acid droplets injected between oil into the
lumen [113]. These experiments, as well as similar stationary
microperfusion studies in which bicarbonate-free phosphate-
containing solutions were used both in lumen and in capillary,
indicate that amphotericin B increases the H-ion permeability.
The observation that the reduction of transepithelial H-ion
gradients is associated with increased H-ion secretion indicates
that the functional lesion does not include a defect of the
intrinsic capacity for H-ion secretion.
Conclusion
The cortical distal tubule shares several acidification pro-
cesses with adjoining tubule segments. This segment plays an
important role in the regulation of systemic acid-base balance
not only by compensating for diminished proximal bicarbonate
reabsorption but also by responding to a variety of hormonal,
neural and metabolic stimuli. Several processes of H and
HCO transport can be identified. Active processes such as
electrogenic H secretion and electroneutral K-H exchange,
as well as passive Na-H and Cl-HCO exchange and Cl
channels, have a key role in determining the rate and direction
of bicarbonate transport in this nephron segment.
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